Introduction {#Sec1}
============

Telomeres are the physical ends of eukaryotic chromosomes. They usually consist of a GC-rich DNA track bound with telomere-associated proteins forming a nucleoprotein structure. Maintenance of this structure is important for genome stability and chromosome preservation. Furthermore, a minimal telomere length is crucial for the cell to maintain the ability to divide. Without a special dedicated mechanism for replication, the telomere tract erodes with each cell cycle as a result of the inability of the DNA replication machinery to fully replicate the ends of the chromosome and by processing of the ends by nucleases. This will finally result in critically short telomeres, leading to cell cycle arrest.

Telomeres are normally maintained by use of the reverse transcriptase, telomerase ([@CR1]). However, several cell types have been found that maintain their chromosome ends in the absence of telomerase. These cells use telomerase-independent pathways to maintain their telomeres, including the alternative lengthening of telomeres (ALT) pathway. ALT and ALT-like pathways have been found in several species including yeast ([@CR32]), human ([@CR3]), mouse ([@CR2]) and more recently *Arabidopsis* ([@CR48]).

In the yeast *Saccharomyces cerevisiae* the deletion of the RNA component of telomerase, *TLC1*, and the reverse transcriptase component, *EST2*, as well as deletion of associated proteins Est1p or Est3p, or mutations in Cdc13p (Est4) result in telomere erosion causing cell senescence/crisis and cell cycle arrest ([@CR33], [@CR24]). On rare occasions cells survive in the absence of telomerase. At least two survival pathways are found in *S. cerevisiae*. Both pathways are dependent on proteins involved in homologous recombination ([@CR32], [@CR46]). Type I survivors maintain their telomeres by amplification of a subtelomeric Y′-element that is spread to all ends in large tandem arrays (Figure [1](#Fig1){ref-type="fig"}). These elements are naturally found at some chromosome ends and are flanked by telomere repeats ([@CR31]). This pathway is *RAD51*-, *RAD52*-, *RAD54*-, *RAD55*- and *RAD57*-dependent ([@CR32], [@CR24], [@CR4]). The second pathway, resulting in Type II survivors, exhibits a sudden extension of the telomere repeats to several kb (Figure [1](#Fig1){ref-type="fig"}). This pathway is *RAD50*-, *RAD52*- and *RAD59*-dependent ([@CR23], [@CR4]) as well as SGS1-dependent ([@CR5], [@CR15], [@CR18]). Figure 1Cartoon of the model for telomere maintenance in yeast. There are two types of chromosome ends in WT cells: ends with only Core X and ends with Core X and Y′-elements. Both types of ends are followed by TG-rich telomeric sequences. In the presence of telomerase these telomeric sequences are maintained at approximately 350 bp. In the absence of telomerase the telomeric sequence will shorten with every round of replication and will finally become critically short, resulting in cell cycle arrest. However, on rare occasions survivors will appear in a culture that maintain their telomeres in a telomerase-independent manner. Type I survivors use a Y′ amplification mechanism to elongate their telomeres, at both ends with and without Y′-elements. Type II survivors show a sudden elongation of both the Y′ and non-Y′ ends with tracts of telomere repeats several kb in length.

Regulation of telomere length in yeast is the result of a counting mechanism using the number of Rap1 proteins bound to the telomere ([@CR34], [@CR45]) and works via its interacting factors Rif1p and Rif2p ([@CR50], [@CR25]). Detection of Rap1p showed foci at the nuclear periphery ([@CR20], [@CR8], [@CR22]). In addition to binding to the telomere, Rap1p is involved in many other processes including the silencing of the mating-type loci *HMR* and *HML* ([@CR21]). Rap1p also blocks nonhomologous end joining (NHEJ) in yeast, which is important for telomere protection ([@CR37]). In the absence of telomerase, end-to-end fusions of chromosomes occurs ([@CR11], [@CR13], [@CR28]) and it is possible that this is a result of loss of Rap1p at the telomeres caused by the shortening of the telomere tracts.

Other proteins recruited to the telomeres by Rap1p and found in foci at the nuclear periphery are the silent information regulator proteins Sir2p and Sir3p together with Sir4p ([@CR8], [@CR22]). These proteins are also involved in silencing at the mating-type loci *HML* and *HMR* ([@CR17]) and at telomeres ([@CR10], [@CR38]). Furthermore, Sir2p is involved in silencing of the rDNA locus ([@CR19], [@CR42]). In ageing cells, Sir3p, together with Sir4p, translocates from the telomeres to the nucleolus ([@CR19]). Because shortening of telomeres is related to ageing, the localization of Sir proteins might be of importance in early stages of telomere erosion in the absence of telomerase, in senescence/crisis or in survivors.

The two classes of survivors in *S. Cerevisiae* differ from each other and from wild type (WT) cells in growth characteristics and telomere structure. Here we aim to investigate how the telomeres and some telomere-associated proteins behave in live cells during telomere erosion, at senescence/crisis, and in survivors. We relate changes in their localization to the process of telomere loss and identify differences in Type I and Type II survivors.

Material and Methods {#Sec2}
====================

Yeast strains {#Sec3}
-------------

All of the strains were isogenic derivatives of *S. cerevisiae* strain S288c and are listed in Table [1](#Tab1){ref-type="table"}. Yeast strains were cultured at 30°C on appropriate selection media for markers used for protein tagging (*KanMX4, HIS3*, and *LEU2*), telomere tagging (*TRP1*) and gene disruption (*HYG*) ([@CR40]). Single colony selection of telomerase-negative strains was performed on YPD plates. Diploid strains were sporulated at 25°C on sporulation medium for 10--14 days before dissection of asci ([@CR40]). Table 1S288c yeast strains used in this studyNameGenotypeM139*MATα, ura3--52, leu2Δ, his3Δ, trp1Δ, CyhR*M148*MATα, ura3--52, leu2Δ, his3Δ*M206*MATα, ura3--52, lys2Δ, leu2Δ*M207*MATα, ura3--52, lys2Δ, his3Δ*yAM12*MATα, ura3--52, leu2Δ, his3Δ, rap1::RAP1-GFP-LEU2*yAM13*MATa/MATα, ura3--52/ura3--52, leu2Δ/LEU2, his3Δ/his3Δ, lys2Δ/LYS2, SIR2-CFP-KANMX4/SIR2-CFP-KANMX4, SIR3-YFP-HIS3/SIR3-YFP-HIS3*YKS43*MATα, ura3--52, leu2Δ, his3Δ, SIR2-CFP-KanMX, SIR3-YFP-HIS3*yKS50*MATα, ura3--52, ade2Δ, trp1Δ, CYH2R, his3::KANMX4, LacI-GFP-HIS3*yKS51*MATα, ura3Y52, lys2D, trp1D, CYH2R, his3::KANMX4, LacI-GFP-HIS3*yKS16.3*MATα, ura3--52, ade2Δ, trp1Δ, CYH2R, his3::KANMX4, LacI-GFP-HIS3, TEL VIIR:: Y′acO-TRP1, TEL XVIR ::Y′acO-TRP1*yKS16.9*MATα, ura3--52, ade2Δ, trp1Δ, CYH2R, his3::KANMX4, LacI-GFP-HIS3, TEL XL:: Y′acO-TRP1*yKS17.2*MATa, ura3--52, lys2Δ, trp1Δ, CYH2R, his3::KANMX4, LacI-GFP-HIS3, TEL XVR:: Y′acO-TRP1*yKS17.12*MATa, ura3--52, lys2Δ, trp1Δ, CYH2R, his3::KANMX4, LacI-GFP-HIS3, TEL VL:: Y′acO-TRP1, TEL XIIR::Y′acO-TRP1*yKS58*MATa, ade2Δ, ura3--52, trp1D, his3::KanMX, LacI-GFP-HIS3, TEL IVR ::Y′acO-TRP1, TEL VL:: Y′acO-TRP1, TEL VIIR:: Y′acO-TRP1, TEL XIIR:: Y′acO-TRP1, TEL XVR:: Y′acO-TRP1, CyhR*yKS86*MATa/MATα, ura3--52/ura3--52, leu2Δ/leu2Δ, HIS3/his3Δ, LYS2/lys2Δ, RAP1/rap1::RAP1-GFP-LEU2*yKS303Type I survivor of yKS58

Tagging of telomeres with a lacO array {#Sec4}
--------------------------------------

To visualize individual telomeres in yeast, a *lacO* array containing 256 *lacO* repeats was used and integrated in Y′-elements. The S288c strain has subtelomeric Y′-elements in 17 of its 32 telomeres (SGD database). To target *lacO* arrays to Y′-elements a 450 bp internal fragment of a Y′-element was amplified via PCR using primer pair KSY′fwd and KSY′rev with *Xho*I linkers (for primers see Table [2](#Tab2){ref-type="table"}) and inserted in the *Sal*I site of pAFS52 (gift from A. Straight, Harvard University, Cambridge, MA, USA), a plasmid containing 258 repeats of the *lacO* sequence, resulting in pKS3.12 (Table [3](#Tab3){ref-type="table"}). The resulting plasmid was digested using *Hpa*I, unique in the Y′ sequence in pKS3.12, and integrated into genomic Y′-elements of yeast strains yKS50 and yKS51. These strains contained pAFS135, the *LacI-GFP* construct, integrated into and under control of the *HIS3* promoter. The resulting transformants were analysed using a clamped homogeneous electric field (CHEF) gel ([@CR29]), blotted on membrane and hybridized using a DIG nick-labelled pAFS52 probe (Roche Diagnostics GmbH, Penzberg, Germany). To further characterize which chromosome arm was labelled with the *lacO* array, samples were digested using the rare cutting NotI ([@CR27], [@CR30]). Strains with multiple Y′ foci were created by serial crossing of transformants with different *lacO*-tagged telomeres until several tagged telomeres with distinct foci were found in a single cell line. Table 2Primers used in this studyNameSequenceKSY′wdCCGCTCGAGTGTCTGGTTGAATACGCAACKSY′evCCGCTCGAGCGAGGATATCGTTTGTACTCGGCGTGTATGTCGTTACATCAGATGAACATCCCAAAACCCTCGGTKSSIR2CFPfwdCGACGGATCCCCGGGATATTAATTTGGCACTTTTAAATTATTAAATTGCCTTCTACATCGAKSSIR2CFPrevTGAATTCGAGCTCGKSSIR2fwdATGCGGGAATAAGCACAGATKSSIR2revTTCAAAGGGTTCATACGCAAGCCTTTTCGATGGATGAAGAATTCAAAAATATGGACTGCATTGGTKSSIR3YFPfwdCGACGGATCCCCGGGATAGGCATATCTATGGCGGAAGTGAAAATGAATGTTGGTGGATCGKSSIR3YFPrevATGAATTCGAGCTCGKSSIR3fwdAATGATCATCACGCGACTCAKSSIR3revCCGTGGAAGTTGGTCAATAAKSC/YFPrevTTGGCCATGGAACAGGTAGTTHis3fwdTTGTCTGCGAGGCAAGAATGKanMX4fwdCATCCTATGGAACTGCCTCGGEst2fwdCTCATCATCCGCAACTGCTGCEst2revTGGACAACCGCTGACTGTCATHYGrevCGGCGGGAGATGCAATAGGHYGfwdTCGCCCGCAGAAGCGCGGCCTable 3Plasmids used in this studyNameDescriptionMarkerReference/sourcepAFS52256 Lac operator repeat sequencesTRP1[@CR43]pKS3.12pAFS52 with 450 bp of Y′-elementTRP1This articlepAFS135GFP12-LacI12 in pRS303HIS3[@CR43]pDH3CFPKanMX6YRC Microscopy^a^pDH5YFPHIS5YRC Microscopy^a^pTY24pDsRed.T1.N1KanMX6YRC Microscopy^a^pAH52RAP1-GFPLEU2[@CR12]pEL30Y′-element and TG1Y3 sequences cloned in *Sal*1 site of pGEM3ZF(−)[@CR49]pAG32Hygromycin B[@CR7]^a^YRC Microscopy, Department of Biochemistry, University of Washington, Seattle, WA, USA.

Protein tagging {#Sec5}
---------------

Sir2 and Sir3 proteins were C-terminally tagged with CFP or YFP in yeast strains M207 and M148 using the plasmids pDH3 and pDH5 respectively (obtained from Yeast Resource Center Microscopy, University of Washington, Seattle, WA, USA, supported by a P41 grant from the National Center for Research Resources) and primer sets KSSIR2CFPfwd-KSSIR2CFPrev and KSSIR3YFPfwd-KSSIR3YFPrev (see Table [2](#Tab2){ref-type="table"} for primers). Direct transformation of PCR products was performed according to [@CR6]. The incorporation of the fluorescent proteins was confirmed by PCR amplification of the junctions using the appropriate forward primer in combination with KSC/YFPrev and reverse primer with HIS3fwd (Table [2](#Tab2){ref-type="table"}). Mating these strains resulted in yAM13. Haploid strain yKS43 was obtained from this strain.

The protein Rap1 was tagged by replacing the RAP1 gene by the *GFP-RAP1-LEU2* construct from plasmid pAH52 ([@CR12]) in yeast strain M148, resulting in yAM12. This strain was crossed with M206 resulting in diploid yeast strain yKS86.

Telomerase-negative yeast strains {#Sec6}
---------------------------------

To obtain telomerase-negative yeast strains, *EST2*, encoding the catalytic subunit of telomerase, was disrupted in diploids yAM13 and yKS86, and haploid yKS58 using the hygromycin B disruption cassette from plasmid pAG32 ([@CR7]). Genomic DNA from an *est2::HYG* strain was used to amplify the disruption cassette using primers Est2fwd and Est2rev and transformants were selected using primer combinations Est2fwd-HYGrev and HYGfwd-Est2rev (Table [2](#Tab2){ref-type="table"}). The diploids were dissected and appropriate progeny were selected for analysis. Colonies derived from single cells were isolated. A single cell isolate was derived from each colony to propagate the cultures further while cells from each colony were analysed on a Zeiss LSM510 confocal microscope. Cultures were followed for up to ten successive re-streaks (250 generations; 25 generations per re-streak), which would take them through telomere erosion, senescence/crisis and postsenescence survival.

DNA was isolated after 225--250 generations to determine the survivor type. The DNA was digested using XhoI, run on an agarose gel, blotted on membrane and hybridized with digoxigenin (DIG)-labelled probe pEL30 containing Y′-element and telomere repeat sequences ([@CR49]), which reveals the distinct terminal restriction fragment patterns of the two types of survivors ([@CR15]).

Imaging {#Sec7}
-------

To image the localization of the LacI-GFP, Sir2-CFP, Rap1-GFP or Sir3-YFP, cells were taken from fresh YPD plates and immobilized on a microscope slide using 1% low-melting-point agarose (BMA, Rockland, ME, USA) in F1 medium ([@CR47]). For the *lacO*/LacI-GFP *est2::HYG* experiment and for the Sir2-CFP/Sir3-YFP *est2::HYG* experiment, four colonies from a plate of 10 colonies were followed and imaged at each time point during 250 generations. Cells from the other colonies were viewed to confirm the results found in the colonies imaged. To control the imaging process during the experiment at eight stages, WT Sir2-CFP/Sir3-YFP cells were imaged. For Rap1-GFP *est2::HYG* cells were imaged during erosion, at senescence/crisis and in survivors at 50, 100 and 200 generations respectively. At every stage in these experiments Z-series were taken from single time points from at least 10 cells. To capture time series from WT cells, from cells in senescence/crisis and from survivors, cells were cultured at 30°C in a POC culture chamber (Laborbedarf, Reutlingen, Germany) on the microscope stage. The movements of the telomeres were followed in at least three cells at these stages. Single optical sections were captured at 2-, 5- or 10-second intervals for 100--1400 images (depending on signal intensity and movement of the telomeres) and the focus was manually adjusted when the signal went out of focus.

Images were taken using a Zeiss LSM 510 confocal laser scanning microscope on an inverted Zeiss Axiovert 100 microscope equipped with a 100× oil (1.4 NA) objective using a 458 nm laser line for CFP and 488 nm laser line for GFP or YFP. In most cases a 5× zoom was used, but at senescence/crisis the cells were enlarged and occasionally a smaller zoom setting was used.

Results {#Sec8}
=======

To visualize the movement of telomeres in mitotic cells in the presence and absence of telomerase, yeast strains were created with a *lacO* array in one of the subtelomeric Y′-elements. Transformants were checked for the presence of *lacO* arrays by Southern hybridization of pulsed-field gel-separated chromosomes and for LacI-GFP signal on the confocal microscope (not shown). Crosses were made between strains with inserts in different telomeres. These were dissected, checked, and crossed again. This was serially repeated and a strain was obtained with five marked telomeres, which could individually be identified as foci under the confocal microscope. This strain, yKS58, showed *lacO* arrays in the Y′-elements of telomeres IVR, VL, VIIR, XIIR and XVR (Figure [2A](#Fig2){ref-type="fig"}, lanes 1 and 3; Figure [2B](#Fig2){ref-type="fig"}, lane 6) and was a result of crosses between yKS16.3, yKS16.9, yKS17.2 and yKS17.12 (Figure [2B](#Fig2){ref-type="fig"}). Figure [2A](#Fig2){ref-type="fig"} shows the *lacO* tag in undigested chromosomes while in Figure [2B](#Fig2){ref-type="fig"} the chromosomes are digested with *Not*I to identify the *lacO*-tagged telomeres. As both telomeres XIIL and XIIR have Y′ elements, the *Not*I digest of XII would give a band of 65 kb for telomere XIIR or 105 kb for telomere XIIL ([@CR27]). The results indicate that telomere XIIR is the most likely candidate. Figure 2CHEF analysis of yKS58 and its Type I survivor yKS303 to identify the tagged Y′-elements. (A) Whole chromosomes were separated on a CHEF gel. Lanes 1 and 2, EtBr stained CHEF gel of yKS58 and its Type I survivor yKS303. The chromosome numbers at the left refer to the chromosome bands of yKS58. Lanes 3 and 4, the Southern blot of lanes 1 and 2 probed with DIG-labelled pAFS52 showing the locations of *lacO* repeats in yKS58 and its Type I survivor yKS303. (B) Blot of a NotI digest of the four parental strains yKS16.3, yKS16.9, yKS17.2 and yKS17.12 and the resulting strain yKS58, probed with DIG-labelled pAFS52 to identify the *lacO* tagged telomeres. The identified telomeres are named at the right. M = lambda ladder PFG marker (New England Biolabs). \*Bands due to hybridization between probe fragments and sequences in the genetic background of the yeast strains, which are not a result of incorporation of the *lacO* arrays. These bands were found in all strains with this genetic background.

During construction of this strain, many Y′-elements lost *lacO* repeats during both mitotic and meiotic divisions, resulting in shorter *lacO* arrays with a weaker LacI-GFP signal or total loss of signal. In other cases *lacO* arrays were found at a Y′-element different from their parental location. For example, from Figure [2B](#Fig2){ref-type="fig"} it is clear that in yKS58 the *lacO* array of telomere XL from yKS 16.9 and telomere XVIL from yKS16.3 have been lost (only a faint band left of XL in yKS58) but that telomere IVR has gained a band that was not present in the strains used to obtain yKS58. This is confirmed in Figure [2A](#Fig2){ref-type="fig"}, where a clear *lacO* band can be found for chromosome IVR.

Movement of telomeres in EST2 cells {#Sec9}
-----------------------------------

The strain with the five *lacO*-tagged telomeres was used to assess telomere movement and architecture in telomerase-positive and telomerase-negative cells. During G~1~-phase in yKS58, a telomerase-positive strain, the telomeres moved through the nucleus. In G~2~/M-phase the telomeres moved towards the bud neck (*N* = 6) and remained at the entrance of the bud neck, in one case for more than half an hour, before they started to migrate through it (Figure [3A](#Fig3){ref-type="fig"}; supplementary Video 1). The separation of a pair of chromatids took place in the mother cell, resulting in an increase in number of foci in the mother cell (Figure [3A](#Fig3){ref-type="fig"}, time point 3′20″), followed by movement of the telomeres one by one to the daughter cell. During mitosis the telomeres often gave the impression of being 'lined up' toward the bud neck as shown in Figure [3A](#Fig3){ref-type="fig"}, time point 0 and at 5′35″. Because telomeres were found to be very dynamic, this 'lined up' telomere configuration transiently appeared and disappeared during imaging. Figure 3Time-lapse imaging of the movement of five *lacO*-tagged telomeres during mitosis. One optical section is shown per time point. (A) Telomerase-positive yKS58 yeast cell in mitosis. The telomeres move one by one from the mother cell into the daughter cell. (B) Senescence/crisis in telomerase-negative yeast cells derived from yKS58. During senescence/crisis the telomeres move between both cells without separation. Mother and daughter cell are equal in size and larger than WT cells. (C) Telomerase-negative yeast cell during senescence/crisis showing that most telomere foci move between cells but at least one telomere (arrowhead) and possibly a second telomere (star) stayed positioned away from the bud neck. Most foci move through the bud neck as a dot but in one case the signal is elongated (arrow). Bar = 2 µm.

Movement of telomeres in est2::HYG cells {#Sec10}
----------------------------------------

Telomerase-negative strains obtained from yKS58 were followed through telomere erosion and went into senescence/crisis after 50--75 generations, as determined by their growth arrest. Rare survivors emerged and were followed to 225--250 generations before the type of survivor was determined using Southern blot analysis. For simplification we refer to cells at earlier time points as Type I lineage or Type II lineage. We are, however, aware that at senescence/crisis a culture is a mixture of cells that might generate Type I and Type II cells depending on the colony selected when colonies are re-streaked for single cells. Very slow growth in cells of the Type I lineage continued for up to 100 generations before the cell growth improved. However, even then the cell growth was still slower than the growth rate in WT and Type II survivors. Cultures of the Type II lineage often exhibited slow growth for only 25--50 generations before attaining a normal WT growth rate.

During telomere erosion the movement of the tagged telomeres in *est2::HYG* cells was as in WT cells, indicating no telomere defects during erosion. At senescence/crisis, in cells of both the Type I lineage and the Type II lineage, the tagged telomeres moved back and forth between the two dividing cells, which appeared to be at G~2~/M (Figure [3B](#Fig3){ref-type="fig"}; Supplementary Video 2). It was impossible to establish which cell was the mother cell as both cells were enlarged, compared with WT cells, and equal in size. In 19 from the 50 cells imaged, tagged telomeres moved continuously between the two cells in contrast to the movement of the tagged telomeres in the WT cells. This does not mean that in the other cells the nucleus did not move between the two cells, only that it did not happen during the period in which these cells were imaged.

From the 19 cells imaged showing movement of telomeres between the cells at senescence/crisis, the tagged telomeres moved as well-defined foci (see, for example, Figure [3C](#Fig3){ref-type="fig"}, time point 2′25″), but in two cases a tagged telomere spot elongated as it moved between the cells (Figure [3C](#Fig3){ref-type="fig"}, arrow). This might indicate end-to-end fusion between chromosomes. As only one optical section was taken per time point and not all the telomeres are in this focal plane, it is possible that this phenomenon happened more often than observed. This also is the case for the observation that in some cells one tagged telomere was positioned opposite to the bud in the plane of focus and did not move with the rest of the telomere foci between the two cells (Figure [3C](#Fig3){ref-type="fig"}, star and arrowhead).

After 250 generations the movement of the tagged telomeres in Type I survivors still resembled the movement of telomeres in cells at senescence/crisis (*n* = 6). However, in Type II survivors the movement of tagged telomeres resembles the movement of tagged telomeres in WT cells (*n* = 10). This correlates with the slow growth found in Type I survivors and apparently normal growth of Type II survivors on plates (see also [@CR35]).

As Type I survivors maintain their telomeres by amplification of Y′-elements, we expected that some cells in the survivor population would have amplified Y′-elements carrying the *lacO* arrays to maintain telomere stability. In earlier experiments using *est2::HYG* strains with a single tagged telomere, cells were found that showed clear amplification of this telomere (data not shown). However, amplification of *lacO* sequences was rarely found after senescence/crisis and on only one occasion was a colony identified that had amplified a tagged *lacO* Y′-element, subsequently called yKS303. In these cells many foci can be found after survival/crisis but the signal from most of these was weaker than the signal from the original *lacO*-tagged telomeres (Figure [4A](#Fig4){ref-type="fig"}). Analysis of interphase nuclei of yKS303 showed up to 12 tagged telomeres (Figure [4B](#Fig4){ref-type="fig"}). However, from Figure [2A](#Fig2){ref-type="fig"} it is clear that the *lacO* array was not at all telomeres. Survivor yKS303 (Figure [2](#Fig2){ref-type="fig"}, lanes 2 and 4) showed major alterations in chromosome patterns when compared with yKS58 (lanes 1 and 3). The *est2::HYG* YKS303 (unstable Type I survivor) was rescued by crossing it with WT strain M139 and the chromosomes of nine independent diploids were analysed on a CHEF gel, blotted and probed with the *lacO* sequence containing plasmid pAFS52. Figure [4C](#Fig4){ref-type="fig"} shows again chromosomal rearrangements in the different strains obtained from the survivors. It also shows that in these strains different chromosomes were tagged with *lacO* arrays, indicating that the original survivor culture was a mixture of cells and that senescence/ crisis and/or survival in this culture was highly dynamic as these cells were all derived from a single cell. Eight colonies of the *est2::HYG* strain were cultured for another 300 generations to see whether the Y′*lacO* arrays continued to be amplified, but in all cases this resulted in loss of signal rather than amplification of *lacO* tagged subtelomeric sequences to other telomeres. It is not clear whether this loss of *lacO* arrays is a result of the instability of the *lacO* construct as was seen during the construction of yKS58 or a result of chromosomal instability initiated by the short telomeres, or a combination of both. Figure 4Type I survivor (yKS303) after amplification of tagged Y′ sequences to maintain telomere integrity. (A) At crisis many foci can be seen. One optical section is shown. (B) Imaris isosurface representation of a 3D reconstruction of the tagged telomeres after 200 generations in an interphase nucleus. Inset shows an overview from one optical section of this cell and its neighbours. Bar = 1 µm. (C) EtBr-stained CHEF gel and Southern blot of Type I survivor yKS303 rescued by crossing with telomerase-positive strain M139 and probed with DIGpAFS135 to identify the *lacO* construct, showing different bands in each rescued strain. The chromosome numbers at the left of the gel refer to the chromosome numbers in WT yeast cells. The gel results show major chromosomal rearrangement. \*Bands due to hybridization between probe fragments and sequences in the genetic background of the yeast strains, which are not a result of incorporation of the *lacO* arrays. These bands were found in all strains with this genetic background.

Localization of Sir2 and Sir3 proteins {#Sec11}
--------------------------------------

After analysing the movement of the telomeres during erosion, at senescence/crisis and in survivors we were interested in the localization of the telomere-associated proteins during this process. To image Sir2p and Sir3p these proteins were tagged with CFP and YFP respectively, and their localization was analysed (Figure [5](#Fig5){ref-type="fig"}). It can be seen that in EST2 cells most Sir3-YFP foci co-localized with or were adjacent to Sir2-CFP foci (Figure [5D](#Fig5){ref-type="fig"}). The largest Sir2-CFP spot failed to co-localize with Sir3-YFP and was probably Sir2-CFP bound to rDNA in the nucleolus. During mitosis most of the Sir2 and Sir3 signal remained localized in foci, which were often adjacent to each other (Figure [5E](#Fig5){ref-type="fig"}). Figure 5*In vivo* detection of Sir2-CFP (green) and Sir3-YFP (red) in haploid cells from strain yKS43. Maximum-intensity projection of Sir2-CFP (A) and Sir3-YFP (B) signal separate, merged (C), and as *xy, yz, xz* representation (D) in a mitotic cell. (E) Time-lapse imaging of single optical sections showing Sir2-CFP and Sir3-YFP signal during mitosis. Arrow indicates Sir2-CFP signal in the putative nucleolus. Bar = 1 µm.

During erosion and at senescence/crisis, Sir2-CFP signal was found most prominently in one or two bright spots, presumably bound to the nucleolar rDNA, and a weak signal in the nucleoplasm (Figure [6A](#Fig6){ref-type="fig"}, 75 and 100 generations; Figure [6B](#Fig6){ref-type="fig"}, 75 and 100 generations). Most of the Sir3-YFP was found in the nucleoplasm and the intensity of the signal increased over time. One Type I and one Type II lineages were further analysed and the results are shown in Figures [7A](#Fig7){ref-type="fig"} and [7B](#Fig7){ref-type="fig"}. During these experiments *EST2* cells were imaged at eight time intervals as an internal control (Supplementary Figure [S1](#Fig1){ref-type="fig"}). These results show that, although there was fluctuation in the signal intensity, the results fall within the error of the experiments, indicating that results from different imaging days can be compared. Figures [7A](#Fig7){ref-type="fig"} and [7B](#Fig7){ref-type="fig"} show that both Sir2-CFP and Sir3-YFP significantly increased in signal per nucleus during senescence/crisis (75 generations). Figure 6Maximum-intensity projections of Sir2-CFP (green) and Sir3-YFP (red) localization during telomere erosion, during senescence/crisis, and in survivors. (A) yeast cells of the Type I lineage from 50 to 250 generations. Number of generations is in the lower right corner. After 75 generations the localization of Sir2-CFP and Sir3-YFP is disrupted. The cells after 150 and 200 generations have almost finished the nuclear division; only a small stretch of Sir3-YFP-positive nucleoplasm connects the two nuclei. (B) Yeast cells of the Type II lineage from 50 to 250 generations. Bar = 1 µm.

In cells of both the Type I and the Type II lineages, restoration of the telomeric localization of Sir2-CFP and Sir3-YFP was found after 125--150 generations (Figure [6A](#Fig6){ref-type="fig"}, 125 generations; Figure [6B](#Fig6){ref-type="fig"} 150 generations). This was reflected by a decrease of intensity for both proteins in both lineages (Figures [7A](#Fig7){ref-type="fig"} and [7B](#Fig7){ref-type="fig"}). Cells of the Type I lineage went back into senescence/crisis phenotype, and after 225--250 generations Type I survivors exhibited a phenotype of cells in senescence/crisis. Figure [7A](#Fig7){ref-type="fig"} and B shows that both the Sir2-CFP signal and the Sir3-YFP signal had further increased in these cells. Type II survivors (Figure [6](#Fig6){ref-type="fig"}, 200--250 generations) showed Sir2-CFP and Sir3-YFP signal in foci like in WT cells. The intensity of the signal was just significantly higher for Sir3-YFP than for WT cells (*p* \< 0.05) (Figure [7B](#Fig7){ref-type="fig"}), but for Sir2-CFP no significant difference with WT cells was found (Figure [7A](#Fig7){ref-type="fig"}). However, we have to keep in mind that each lineage is derived from a single cell and therefore the results might be unique and specific for these two lineages. Figure 7The intensity per nucleus and the number of cells analysed of Sir2-CFP (A), Sir3-YFP (B) and Rap1-GFP (C) in WT cells, during senescence/crisis and in survivors of cells of the Type I and Type II lineages. Bars represent standard deviation. Bars indicated with a star represent stages with a significant difference (*p* \< 0.05) compared with the WT data. Bars indicated with a + represent stages with a significant difference (*p* \< 0.05) between Type I and Type II data.

When correcting for the change in nuclear size during erosion and senescence/crisis, we found some significant increase (*p* \< 0.05) of signal compared with WT cells (Supplementary Figures [S2A](#Fig2){ref-type="fig"} and [S2B](#Fig2){ref-type="fig"}) but there was no clear difference between the Type I and Type II lineages. However, in both types of survivors the Sir3-YFP intensity was significantly higher than the intensity in WT cells, whereas the Sir2-CFP results showed no change at this stage when compared with WT cells.

Cells can be found in the Type I lineage that seem to have lost the bright putative nucleolar Sir2-CFP signal (Figure [6A](#Fig6){ref-type="fig"}, 150 and 200 generations). However, a large number of small foci were often found in the nucleus. In the nuclei that still showed putative nucleolar Sir2-CFP signal there was no co-localization with Sir3-YFP. The same was true for the Sir3-YFP localization in cells of the Type II lineage (Figure [6B](#Fig6){ref-type="fig"}).

The brighter labelling of the nucleoplasm by Sir3-YFP in cells of the Type I lineage made the whole nucleus visible and the nuclear movement between the two cells could be followed. This confirmed the results found in the experiment with the multiple *lacO*-tagged telomeres that the nucleus moved between the two cells during senescence/crisis and in Type I survivors. It also showed that when most of the nucleus was divided between the two cells there was often still a faint Sir3-YFP-positive labelled connection between them (Figure [6A](#Fig6){ref-type="fig"}, 150 and 200 generations).

Rap1 protein {#Sec12}
------------

To image the movements of Rap1p, *RAP1* was replaced with a *RAP1-GFP* construct ([@CR12]), resulting in yeast strain yKS86. During normal cell growth in haploid cells obtained from yKS86 up to eight foci could be seen at the nuclear periphery as has previously been reported ([@CR20], [@CR8], [@CR22]). In haploid {tiest2::HYG} strains obtained from yKS86 after the disruption of the *EST2* gene with the hygromycin B cassette, the Rap1-GFP localization for the first 50 generations was as in WT (Figure [7C](#Fig7){ref-type="fig"}; Figures [8A](#Fig8){ref-type="fig"}, 8B 50 generations and 8C 50 generations). After 100 generations the cells were in crisis and the nucleoplasm was brightly labelled. After 200 generations Type I survivors continued to show the senescence/crisis phenotype, whereas Type II survivors exhibited brighter foci and a weaker labelling in the nucleoplasm like WT cells (Figure [8C](#Fig8){ref-type="fig"}, 200 generations). During mitosis a normal pattern of telomere movement was observed in these Type II survivor cells (Figure [8D](#Fig8){ref-type="fig"}). The intensity of fluorescence signal per nucleus in both Type I (*n* = 1) and Type II (*n* = 3) lineages had significantly increased during senescence/crisis (100 generations) with no difference between the two lineages at this stage (Figure [7C](#Fig7){ref-type="fig"}). In Type I survivors the intensity had further increased, whereas in Type II survivors the intensity was as in WT cells. However, when corrected for the change in nuclear size during the different stages, the concentration of Rap1-GFP did not show a real increase---if anything the signal was significantly less in cells of the Type II lineage than in WT cells (Supplementary Figure [S2C](#Fig2){ref-type="fig"}). Figure 8Maximum-intensity projection of the localization of Rap1-GFP in WT cells, during senescence/crisis and in survivors. (A) WT cells (yAM12) in different stages of the cell cycle. Arrow shows a cell in mitosis. (B) Yeast cells of the Type I lineage after 50, 100 and 200 generations. After 200 generations these cells still show a senescence/crisis phenotype. (C) Yeast cells of the Type II lineage after 50, 100 and 200 generations. (D) Localization of Rap1-GFP in a Type II survivor during mitosis. One optical section shown per time point. Bar = 1 µm.

Monitoring of the general nuclear movement between two cells confirmed that the nucleus moved between these two cells during crisis/senescence in cells of both the Type I and Type II lineages as well as in Type I survivors (see Supplementary Video 3). In 29 out of 59 cells analysed, foci could be seen at the nuclear periphery at this stage. If the nucleus was divided between the two cells (*n* = 12) a connection could often be found between both nuclei (*n* = 6) and in two cases a nucleus was stretched between more than two cells (Figure [8B](#Fig8){ref-type="fig"}, 200 generations).

Discussion {#Sec13}
==========

To study the dynamics of telomeres *in vivo*, a yeast strain was created containing repetitive *lacO* arrays in five sub-telomeric Y′- sequences. After binding of LacI-GFP, these sequences could be visualized in a fluorescent microscope as five individual foci. Different methods have indicated that there are four to nine telomere foci in a yeast nucleus. These methods include *in situ* hybridization using a Y′-probe ([@CR8], [@CR14]) and immunolabelling using antibodies against Rap1p and Sir proteins ([@CR8], [@CR22]). This indicates that the five foci in this strain represent more than 50% of the telomeric foci that can be found in the yeast nucleus. The tagged telomeres showed dynamic movements during interphase, as has previously been reported for individual telomeres ([@CR14]). When the bud starts to appear, the nucleus moves towards the bud neck and can stay close to this position for more than half an hour, as previously described ([@CR39]). During mitosis the telomeres were occasionally found lined up in the mother cell or in both mother and daughter cells. This is in agreement with previous results ([@CR44], [@CR22]) where the spindle microtubules form one long spindle with telomeres attached to them in a linear fashion. This all indicates that the *lacO* tagged telomeres behave like normal telomeres.

In telomerase-negative strains, cell growth slows down after 50 to 75 generations and the cells enter senescence/crisis. In the *est2::HYG* cells the telomeres become critically short, which might result in end-to-end fusions, recombination events and G~2~/M arrest that result in a senescence/crisis phenotype ([@CR32], [@CR32], [@CR11]). At this stage the telomere foci do not separate but move between both cells. This nuclear movement between mother and daughter cells has recently also been described by [@CR41] during checkpoint-induced G~2~/M delay in orc2-depleted *S. cerevisiae*. This indicates that this specific nuclear movement might be a result of the G~2~/M arrest, in our case caused by the critical short telomeres. However, we point out that [@CR36] showed that the gene expression pattern as a result of loss of telomerase activity share features with G~2~/M arrest response but is not identical to it and there is a specific telomerase deletion response.

End-to-end fusions could explain the elongated telomere signal seen in some of the nuclei as well as the nuclear tracks found in Sir3-YFP and Rap1-GFP tagged cells when most of the nucleus has been divided between the two cells. However, in many cells there are still forces, presumably from the spindle microtubules, that try to separate the chromosomes and as a result they are pulled from one cell to the other. This indicates that these forces are not equally distributed between the two cells at any given moment because, if they were, the fused telomeres would end up in the bud neck. At later stages some nuclei can be found distributed between more than two cells (Figure [6A](#Fig6){ref-type="fig"} 250 generations and Figure [6B](#Fig6){ref-type="fig"} 200 generations), presumably the spindle is no longer functioning properly. More evidence for this is the fact that many nuclei have lost their bright putative nucleolar Sir2-CFP labelling, reflecting an uneven division of rDNA between the dividing cells. This dynamic and aberrant movement may underlie the increased gross chromosomal rearrangements seen at senescence/crisis and in survivors (see also [@CR11]).

The Sir2-CFP and Sir3-YFP signals exhibit partial co-localization in WT cells. Although several models predict that a Sir2-Sir3-Sir4 protein complex will bind to telomeres via Rap1p interaction, we found foci with only Sir2-CFP or only Sir3-YFP as well as foci adjacent to each other but not overlapping. In our system the CFP signal is always weaker than the YFP signal so it is possible that some weaker Sir2-CFP foci are missed. However, these results might indicate that some telomeres are only labelled with Sir2-CFP and some other telomeres with Sir3-YFP. Whether this is the result of tagging the proteins is not clear. Mating type silencing is intact, the Sir2-CFP and Sir3-YFP foci localize towards the nuclear periphery and the number of foci seems to be in line with earlier published results ([@CR8], [@CR22]), but tagging the proteins with CFP and YFP might have disrupted the co-localization of these proteins. Alternatively, the numbers of Sir2 and Sir3 molecules per telomere might differ and the ratio between these proteins on telomeres might fluctuate. Evidence for this was found by [@CR26] in microarray experiments.

During senescence/crisis no co-localization of the Sir2-CFP putative nucleolar signal with Sir3-YFP was found. This suggests that the process of telomere shortening does not automatically initiate an early ageing phenotype when Sir3p co-localizes in the nucleolus with Sir2p ([@CR19]). An attempt to follow the movement of Sir2-CFP and Sir3-YFP in a strain containing mRFP-tagged Sik1p, a nucleolar protein ([@CR16]), failed as most of the foci were lost.

Type I survivors maintain their ends by amplification of Y′ elements. However, the imaging results and the quantification suggest that most cells of a Type I survivor culture still show a high degree of cell cycle arrest. This resulted in a phenotype that resembles the phenotype of a nucleus in crisis/senescence, although there is growth. The Sir2-CFP and Sir3-YFP labelling showed a short period of restoration of foci before cells went back towards a senescence/crisis phenotype. This shows that amplification of Y′-elements does not result in stable telomere maintenance (see also [@CR35]).

In one case a survivor was found where the *lacO*-tagged telomere was involved in amplification. This strain contained as many as 12 foci in interphase nuclei. This is more than has been seen by Y′ *in situ* hybridization or using tagged telomere-associated proteins, suggesting that in this strain the clustering of telomeres might have been disrupted. Alternatively, failure of proper segregation of chromosomes during mitosis might have lead to aneuploidy or even duplication of the genome.

Type II survivors maintain their telomeres by addition of several kb of telomeric repeats. This system seems more efficient, and no unprotected ends or end-to-end fusions cause any further problems in mitosis at the stages analysed. Only a slight increase in Sir3-YFP and no increase in intensity of Sir2-CFP or Rap1-GFP was found in these survivors to relate to the increase in telomere tract of several kb in Type II survivors, indicating that neither Rap1-GFP nor the tagged Sir proteins cover the whole telomere sequence. Phenotypically these cells look like WT cells in terms of telomere movement and protein localization

We have shown that the telomeres in *S. cerevisiae* move between the mother and daughter cells during senescence/crisis and in Type I survivors. In these cells Sir3-YFP and Rap1-GFP were prominently found in the nucleoplasm. In Type II survivors the movement of the telomeres, the localization of Sir2-CFP, Sir3-YFP and Rap1-GFP and the intensity of these proteins resembled the movement and localization found in the WT yeast cells. No obvious difference could be found in the telomere movement and protein localization to identify at an early stage of senescence/crisis which culture will result in Type I or Type II survivors. The movement and localization are, however, correlated with the growth and stability phenotypes of the two survivor types
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###### 

The number of nuclei analysed for Sir2-CFP and Sir3-YFP during the different stages of Type I and Type II survivor development (DOC 26.5 KB).

###### 

The intensity of Sir2-CFP and Sir3-YFP of WT cells imaged during different stages of the experiment as an internal control for the experiment. Bars are standard deviations. The numbers of nuclei analysed per sample are below the graph (TIF 4.43 MB).

###### 

The intensity of Sir2-CFP (A), Sir3-YFP (B) and Rap1-GFP (C) in nuclei corrected for the nuclear size during the different stages of Type I and Type II survivor development. Bars are standard deviations (TIF 6.12 MB).

###### 

Movie showing the movement of *lacO* tagged telomeres during mitosis in an EST2 yeast strain (WT) (AVI 645 KB).

###### 

Movie showing the movement of *lacO* tagged telomeres during senescence/crisis (AVI 7.03 MB).

###### 

Movie showing the movement of the nucleus of a Type I survivor tagged with Rap1-GFP (AVI 14.4 MB).
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